In this paper, we report morphology of silicon nanowires (Si-NWs) grown on various surfaces and patterned substrates using Vapor-Liquid-Solid (VLS) and Solid-Liquid-Solid (SLS) techniques. It is observed that the growth conditions are critical in controlling the dimensions of wires in both techniques. In addition to this, it is also demonstrated that Si-NWs are essentially different grown on Si or GaAs substrates. For growth of Si-NWs by VLS, Si powder was evaporated in a tube furnace under Ar flow while substrates were kept at different temperatures. In SLS, experimental conditions were identical except that no external source was used. Si-NWs thus grown showed dependence on the flow rate of Ar gas and the temperature of the substrate. Interestingly, instead of only radial nannowires (NWs), nanobelts and tapered NWs were also grown on patterned Au-catalyzed GaAs surface. In the end, the analysis on the basis of existing theories of NW growth is presented. Optical properties of Si-NWs are also briefly discussed.
Introduction
Silicon nanowires (Si-NWs) may have significant impact on electronics industry. Their applications have attracted considerable interest because of novel properties at nanoscale size. [1] [2] [3] By reducing the size of silicon nanowires to the exciton radius, the bandgap of Si-NWs can be increased and varied from the infrared to the visible region. Thus bandgap tuning allows the Si-NWs to be used in light emitting sources and photodiodes.
Among the existing approaches for NWs growth, the top-down approach involves lithographic process but with some limitations as the tools used in reducing the size of structures create defects. Bottom-up approach has certain advantages over the top-down approach 4 where Vapor-Liquid-Solid (VLS), [5] [6] [7] Solid-Liquid-Solid (SLS), 8, 9 and Vapor-Solid (VS) process have been used for NW growth. Among these mechanisms, the VLS process is the most well-known for the growth of Si-NWs, in which Si atoms from a vapor source, ‡ Corresponding author. diffuse in a metal-Si droplet (catalyst) on the substrate. After achieving supersaturation, Si atoms precipitate and droplet shifts up leading to the growth of NWs. In the VLS mode of growth, there are three models to describe movement of silicon atoms during growth. In the first model, vapors reaching the liquid droplet surface are incorporated into the droplet until the droplet is supersaturated. At that point, Si atoms start to precipitate onto the base and the NW starts to grow as the droplet leads the growth at the top. In the second model, Si atoms reach the liquid droplet surface and start to diffuse along the surface and settles at the liquid-solid interface. In the third model, Si atoms coming to the surface of the substrate diffuse on the surface of the nanowires to reach the liquid-solid interface. 10 In the SLS mechanism, Si substrate behaves as the source for Si-NWs under the continuous flow of a gas. The driving forces for NWs growth are (i) the concentration gradient at the surface of the droplet and in the bulk of the droplet and (ii) cooling of the droplet surface due to flowing gas. An overcooling is critical to initiate the preferential unidirectional growth of Si-NWs. It has been reported that grown Si-NWs via SLS mode were amorphous instead of crystalline due to random movement of Si atoms. 11 Below the Au-Si eutectic temperature, Au diffuses into Si, forming gold silicide (Au 3 Si), and above the eutectic temperature silicon diffuses into gold, forming an eutectic gold-silicon phase. 12 In the present work, we make a comparative study of SLS and VLS mechanism of Si-NWs growth on different substrates and study the effect of temperature, gas flow rate and Ga as a catalyst. 
Experimental
Ultrasonically cleaned Si and GaAs substrates were placed inside a UHV chamber for Au deposition. An aluminum foil with small openings of 85 µm was placed at a distance of ∼ 1 mm on top of substrates for patterning purposes. A total of 0.7 nm Au (purity of 5 N) was deposited by resistive heating on various substrates, which was measured using a crystal oscillator. The Si powder was made by ball milling bulk Si in a planetary ball mill. The substrates with the catalyst deposited on them and Si powder were placed inside the quartz tube of a furnace. The temperature of furnace was raised at a rate of 10 • C/min up to 1120 • C and was kept constant for 2 h. Argon (Ar) gas flow was maintained at 25 sccm throughout the growth thus acting as carrier gas. The temperature of Au-coated Si and GaAs substrates was kept at 590 • C and 810 • C, respectively. Growth was also performed at different flow rates of Ar. Morphology and structure of NWs were determined by scanning electron microscopy (SEM) and X-Ray Diffraction (XRD). Raman spectroscopy was done to study the vibrational modes of the grown NWs.
Results and Discussion
The VLS mode of growth for the Si-NWs was confirmed in an experiment where Au-coated GaAs substrate and Si powder was used. Tapered NWs were grown at 810 • C under 40 sccm flow rate of Ar, which is sufficient to carry Si vapors. Si-NWs with different diameters at the base ranging from 170 nm to few hundreds of nanometers were observed as shown in Fig. 1(a) . The XRD pattern of this sample shown in Fig. 1(b) shows peaks from SiO 2 , thus confirming the growth of Si-NWs. The SLS mode of growth was confirmed by growing NWs without Si source on Au-coated Si substrates at 810 • C in a flowing Ar at the rate of 15 sccm as shown in Fig. 2 . Figure 2(a) shows SEM image of Si-NWs and Fig. 2(b) shows XRD pattern of Si-NWs. Interestingly, the Si-NWs grown have diameters of (57 ± 15) nm. The flowing Ar gas in the furnace tube causes the cooling at the surface of the hot droplet and this produces a temperature gradient at the surface and inside the droplet which causes transfer of Si atoms from the droplet to its surface and the condition of supersaturation is achieved which causes the nanowires to grow above the droplet surface. 9 Ga is a p-type dopant for Si, and hence the presence of Ga in the body of Si-NWs may modify the optical properties of Si-NWs. In growth experiments where GaAs substrates were used not only radial NWs were grown, but also nanobelts and tapered NWs were observed to grow under certain conditions. Surface diffusion of Ga atoms along the body of NWs causes tapering. Melting point of Ga is 28 • C and decomposition temperature of GaAs is 300 • C. This shows that after decomposition, surface diffusion increases and Ga itself behaves as a catalyst and the NWs begin to grow. The surface diffusion of Ga along NWs modifies the structure from radial to tapered one. In case of Au-coated GaAs substrates, Ga and Au make alloy and form a catalytic droplet. At higher substrate temperatures and higher flow rates, tapering occurred because of enhanced Ga diffusion while at slower flow rates, nanobelts are also formed on Aucoated GaAs substrates. The different fast growing directions of Au and Ga is the main reason for belt formation, i.e., 111 for Au and 112 for Ga. Figure 3(a) shows nanostructures growth on Aupatterned GaAs substrate, high density of structures are observed in the patterned region where nanobelts are formed while some growth is also observed at other regions due to the presence of Ga as a catalyst. Figure 3 Growth temperature and flow rate strongly affect diameter and length of NWs as have been demonstrated earlier. Figure 4 (a) shows growth of (78 ± 14) nm diameter and 4 µm long Si-NWs at 810 • C while Fig. 4(b) shows growth of (40 ± 6) nm diameter Si-NWs grown at 590 • C having the same flow, i.e., 25 sccm. One possible reason is fragmentation of larger Au particles at the higher substrate temperature, i.e., a thin gold layer was deposited on substrates, at higher temperatures, this film breaks to make bigger nanoparticles because of the diffusion of atoms. Thus the diameter of NW follows the diameter of nanoparticles formed. The length of the nanowires is large at higher temperatures because of higher diffusion rate and supersaturation is achieved earlier compared to lower temperature. Figures 4(c) and 4(d) shows Si-NWs with diameter of (57 ± 14) and (78 ± 14) nm grown at 15 sccm and 25 sccm flow rate of Ar, respectively. The substrate temperature was 810 • C in both cases. It can be seen that at higher flow rate, cooling at surface of liquid droplet is achieved earlier so atomic surface diffusion is enhanced. This leads to longer length and larger diameter of Si-NWs.
In order to grow NWs on patterned areas initially the catalyst (Au) was deposited in patterns on a substrate during its deposition by using a shadow mask made by Al foil having slits of 80 µm. The patterned growth of Si-NWS obtained is shown in Fig. 5 . Figure 5(a) shows the patterned areas of 85 µm in width on Si substrate while Fig. 5(b) shows edge between the grown area and bare substrate surface. There is no evidence of NWs in the catalyst free area on Si substrate.
To optically characterize the NWs, Raman spectroscopy was performed to study the structural quality of the Si-NWs. An excitation wavelength of 488 nm was used. Figure 6(a) shows the Raman spectra of the Si-NWs grown on 0.7 nm Au-coated GaAs substrate at 810 • C. A very weak peak is observed at 505 cm −1 , which shows a downshift of around 15 cm −1 probably due to phonon confinement in Si-NWs. Inset shows the zoomed region of interest. The low intensity of the peak was due to low density of Si-NWs on GaAs substrate. Figure 6 (b) shows Raman spectra (top) from a high density of Si-NWs grown on GaAs substrate. For reference Raman spectra from Si wafer is also given (bottom). The Raman peak is much intense and is at 515 cm −1 . The peak is quite broad but symmetrical. This shows that the structural defects are possibly uniform in NWs and there is no contribution from surface activated phonons. 
Conclusion
It has been demonstrated here that growth conditions of Si-NWs are critical in controlling the dimensions of wires for both VLS and SLS techniques. The shapes and morphologies of the grown Si-NWs are essentially different on Si or GaAs substrates. Ga plays an important role in defining the morphology of Si, nanobelts as tapered nanowires. The diameter and length of nanowires increased with increase in the growth temperature and Ar flow rate. Raman spectra show phonon confinement in Si-NWs as the LO-Raman line was shifted and broadened. The spectrum also confirms the presence of defects on the grown NWs.
